The effect of the size of the molecularly imprinted polymers (MIPs) on the piezoelectric quartz crystal (PQC) sensor performance was investigated. Erythromycin imprinted polymers microspheres with different sizes were synthesized by precipitation polymerization. The size of the MIPs was characterized by using transmission electron microscope (TEM) analysis. Being coated with a poly(vinyl chloride) (PVC) membrane containing MIPs, the proposed PQC sensor can selectively adsorb the template molecule. Investigation of the performance of sensors modified with different sizes of MIPs showed that PQC sensor modified with smaller size MIPs exhibited better performance and excellent selectivity. Other influencing factors on sensor functions modified with different sizes MIPs were also investigated.
Introduction
Since the first PQC was employed in the analytical field by King, 1 many research works have been published. In 1959, Sauerbery gave the relationship between the change in resonant frequency and the mass change on the electrode surface of the PQC: Here ∆f is the change in resonant frequency; ∆m is the mass change; f is the fundamental resonant frequency of PQC; ρ is the density of the quartz crystal (2.647 g cm -3 ); µ is the shear modulus of the crystal (2.947 × 10 11 g cm -1 s -2 ), and A is the surface area of the electrode. Due to the advantage of high sensitivity in measuring minute mass changes, PQC sensors are widely used in chemistry. 3, 4 The intrinsic shortcoming of a PQC sensor is its lack of selectivity to the analyte. Though various methods have been proposed to solve this problem, the result was not as satisfactory as expected. 5, 6 MIPs technique is an elegant way to provide artificial recognition sites in synthetic materials. 7 In the process of molecular imprinting, appropriate functional monomers are introduced to interact with template molecules, and then the functional groups on the monomers are fixed with chemical cross-linker. Finally, after removing the template molecule from the imprinted polymers, the recognition sites can be used to bind the template or its analogue selectively. These highly cross-linked polymers possess microcavities, which are complementary in size and shape to the template molecule. With good mechanical strength, durability to heat and pressure, physical robustness, high affinity and outstanding substrate recognition ability, MIPs have been widely applied in the field of high-performance liquid chromatography, 8 capillary electrophoresis, 9 capillary electrochromatography, 10,11 solidphase extraction, 12 pharmaceutical analysis, 13 and chemical sensing.
14 Among these applications, development of MIPs sensors for biomolecules, environmental pollutants and pharmaceuticals is perhaps the most challenging. Especially in recent years, more and more reports have been published on MIPs sensors. 15, 16 However, no paper about the effect of the size of the sensing materials on PQC sensor performance has been published.
In order to obtain the different size-sensing materials, the precipitation polymer technique 17 was adopted in this work. Erythromycin is widely used for treatment of oral infections and skin infections. It was employed as template molecule. The MIPs with different sizes were characterized by using TEM and UV spectrophotometry. The selectivity and other influencing factors of the sensor are also discussed.
Experimental

Reagents and materials
Erythromycin and PVC powder were received from Shanghai No.2 Medicine Co.
The cross-linkers ethylene glycol dimethacrylate (EDMA) was purchased from Sigma (St. Louis MO). The functional monomer methacrylic acid (MAA) was supplied by Aldrich and distilled under reduced pressure before use.
The initiator azobisisobutyronitrile (AIBN) and tetrahydrofuran (THF) were used without further purification. Chloroform was obtained from Changsha Chemical Reagent Co. All reagents are of analytical grade except for AIBN, which is of chemical purity grade. Double distilled water was used throughout the experiment.
Apparatus
A schematic diagram of the proposed sensor device is illustrated in Fig. 1 . An AT-cut 9 MHz piezoelectric quartz crystal (diameter 12.5 mm) with silver electrodes (diameter 6 mm) on both sides was used in this experiment. The AT-cut refers to quartz wafers cut at +35˚15′ angle with respect to the z-axis. The quartz crystal was fixed to a glass tube with silicone rubber adhesive. One electrode of the quartz crystal was sealed off and the other electrode was coated with MIP membrane and was allowed to contact the solution directly. A voltage regulator (JWY-30B Model, Shijiazhuang Electronic Factory No. 4) was used to supply a home-made oscillating circuit, which was connected to the sensor; the working voltage was set at 4 V. A module SC7200 universal frequency counter was employed to record the oscillating frequency of the crystal. The temperature was kept at 25 ± 0.5˚C throughout the experiment by using a thermostat.
Synthesis of the molecularly imprinted microspheres
Molecularly imprinted microspheres were synthesized with the precipitation polymerization technique. 0.25 mmol template (Erythromycin, 183.5 mg) was dissolved in 50 ml of chloroform containing 1.0 mmol MAA (86.1 mg) in a volumetric flask by sonication for 10 min at 60˚C, then 5.0 mmol EDMA (991.1 mg) and 0.1 mmol AIBN (16.4 mg) were added. After being saturated with dry nitrogen for 10 min, the solution was kept in a thermostated water bath (60˚C) overnight. The polymer microspheres were collected by centrifugation at 10000 r/min for 15 min.
The template was extracted from these microspheres by repetitive rinsing with ethanol-acetic acid (8:2, v/v) and then with ethanol until the template molecule could no longer be detected under UV (λmax = 220 nm).
The MIPs with different sizes were obtained as follows: firstly, the microspheres were suspended in acetone for 1 h, and the obtained suspension was centrifuged at 2000 r/min for 10 min. Secondly, the centrifugation fluid was centrifuged again at 8000 r/min for 10 min. Lastly, the supernatant was evaporated under vacuum. All the three kinds of molecularly imprinted microspheres collected as above were desiccated under vacuum.
Non-imprinted polymer (NIP) was synthesized in the same way as described above except that no template molecule was added in the polymerization step. The NIP was collected by centrifugation (8000 r/min). All particles were dried under vacuum.
Modification of sensor
The surface modification of the PQC was carried out as follows: 25 mg of the fine polymer microspheres were suspended in 20 ml tetrahydrofuran by dissolving 10 mg of PVC powders in it. About 5 µl of this suspension was spread over the silver electrode surface of the PQC. After slow evaporation of tetrahydrofuran at room temperature, molecularly imprinted microspheres were coated on the PQC sensor surface. The coating process was repeated to achieve an appropriate thickness of the molecularly imprinted microsphere membrane (the thickness of the membrane is expressed by the frequency shift).
Another non-imprinted polymer (NIP) reference sensor was fabricated with NIP in the same way. All the sensors were stored in a desiccator when they were not in use.
MIPs sensor measurements
Before the measurement, the sensor was immersed in the background solution for 20 min and a steady resonant frequency (f0, frequency shift < 3 Hz in 5 min) was recorded. Then a series of standard solutions were added using a microsyringe and the corresponding steady frequencies (fi) were recorded. The frequency shift of each solution was calculated as:
After measurement, erythromycin was removed from the coating by washing repeatedly with ethanol containing 20% acetic acid (v/v) (10 ml), followed by washing with ethanol in the same volume and finally with distilled water. Every procedure of washing was continued for 10 min.
Results and Discussion
Characterization of the MIPs
Generally, it was rather difficult to control exactly the size of MIPs in the process of polymerization. Owing to the easy operation, the precipitation polymerization is a better method for preparation of MIPs compared with other synthesis methods since the resulting MIPs have regular physical configurations.
Depending on the polymerization method used, physical configurations of MIPs may be different. Hence, TEM was used to characterize erythromycin-imprinted polymers in this paper. It has been found that, with different centrifugation rates, MIPs with different sizes were obtained. The results are given in Table 1 . TEM of different sized MIPs are shown in Fig. 2 .
Modification of the sensor
In this experiment, PVC was selected as matrix material in the modification of the sensor. In most cases, when the amount of the sensing material increases, the frequency shift of the sensor increases and the sensitivity rises. But the response time and recovery time of the MIP-sensor are prolonged. What is more, if the amount of sensing increases up to a certain value, the coating flakes off easily. After compromising between these two factors, we adopted a weight ratio of MIPs to PVC of 3.0.
In order to compare the response of sensors modified with different-sized MIPs, the same amount (5 µl × 2) of the suspension was dipped onto the sensor's surface. The frequency shift responses of the different sensors are shown in Fig. 3 . It is interesting to note that, when the size of the collected MIPs is smaller, the corresponding sensor is much more sensitive toward the template molecule, yielding a higher frequency shift response.
Sensor performance
The sensor's response (∆f) to the concentration (C) of erythromycin is related to the total amount of erythromycin bound with the MIPs. In order to decrease the interference of other factors, we used double distilled water as the background solution. Figure 4 shows a typical curve of the frequency response of MIPs sensor to erythromycin in solution. At the beginning of the detection, just after the injection of the sample, there is a sharp peak occurring on the frequency-time curve. This peak may be caused by the interference of the injection. After the peak occurs, the response frequency decreases immediately and then increases. It may be caused by the effect of the surface adsorption and desorption of the MIP-sensor before the MIPs bind with template. One should note that the effect of the surface adsorption is less than that of the imprinted binding with the template. 17 With the addition of erythromycin, the frequency shift of the modified sensor decreased rapidly. , between 5 × 10 -9 and 1 × 10 -5 mol L -1 , respectively. It is obvious that the sensor with the smaller-sized MIPs can give a better response and sensitivity to the erythromycin.
Harsh treatment
It is important to investigate a sensor's stability, especially under harsh conditions. As we know, MIP is an outstanding sensing material with good stability. However, the effect of the size of MIPs on stability has not yet been reported in the literature. In order to study the effect of MIPs size on stability, the sensors have been tested in harsh environments, including heating (60˚C, 1 h), prolonged immersing in acid solution (pH = 2, 1 h) and in basic solution (pH = 10, 1 h). In the experiment, the concentration of erythromycin was 1 × 10 -6 mol L -1 and the coated membrane thickness expressed by frequency shift was about 8000 Hz for all sensors. The sensor's stability coefficient is calculated as the ratio of the frequency shift (∆ft) of the treated sensor with that of the untreated one (∆fu) as:
The results are given in Table 2 . It is clear that the harsh environments have no significant effect on the response of any sensor. It should be noted that sensors made with smaller-sized MIPs exhibit nearly the same stability as those with biggersized MIPs. This fact is of importance for analytical practice, as the smaller size MIPs can give better functions, while they retain their stability under harsh conditions just as other-sized MIPs sensors do.
Comparison of the selectivity of the different-sized MIPs sensors
The biomimetic MIPs sensor is highly sensitive to the template molecule. In order to compare the selectivity of sensors, we define a selectivity coefficient as:
Here, ∆fi is the frequency shift of the MIPs sensor to the interfering substance and ∆ft is the frequency shift response to erythromycin.
In the interference experiments, the concentrations of both the interfering substance and erythromycin were 1 × 10 -6 mol L -1 and all tested sensors' membrane thicknesses are similar (expressed in frequency shift, -∆f is about 8000 Hz). A series of interfering substances were studied. The result, shown in Table 
Conclusion
In this study, erythromycin-imprinted ethylene glycol dimethacrylate co-polymers with different sizes have been synthesized. It has been found that the sensors made with MIPs of smaller size can give a lower detection limit to the template molecule (erythromycin), though all sensors based on differentsized MIPs can withstand extreme conditions (pH, temperature, etc.). Furthermore, the sensors based on the smaller-sized MIPs exhibited more excellent selectivity to the template than the other sensors. All these results highlight the fact that, within the tested size range (ca. 0.1 -1.1 µm diameter), the smaller the size of the MIPs, the better the performance of the corresponding sensor.
